**Core tip:** In this review, we thoroughly review the approaches for deciphering adherent-invasive *Escherichia coli* (AIEC) genetics. The characteristics of putative AIEC molecular markers that could assist in AIEC identification are described. We then discuss several aspects that could explain the difficulty behind the discovery of suitable biomarkers and highlight the importance of standardizing AIEC protocols in order to increase the probability of finding these biomarkers. Finally, we point out new approaches for looking for signature sequences that need to take into account the AIEC phylogenetic origin and strain virulence under particular experimental conditions.

INTRODUCTION
============

Non-pathogenic *Escherichia coli (E. coli)* strains are common colonizers of the mucus layer of the intestinal tract and have a mutualistic relationship with their hosts. However, some *E. coli* strains have evolved virulent behavior. Among those, strains belonging to the adherent-invasive *E. coli* (AIEC) pathovar are suggested to be of particular concern. AIEC isolates lack typical *E. coli* virulence factors but are phenotypically characterized by their capability to adhere to and invade intestinal epithelial cells (IECs), in addition to surviving and replicating inside macrophages without inducing host-cell death\[[@B1]\]. Using *in vitro* and *in vivo* studies, AIEC interactions with IECs have been described to occur through its binding to host receptors, which in turn, promotes intestinal epithelial permeability\[[@B2]-[@B5]\]. Additionally, in animal studies, induction of high levels of cytokine secretion and exacerbation of intestinal inflammation in susceptible hosts due to AIEC presence has been reported\[[@B6]-[@B8]\]. Since a high prevalence of AIEC has been depicted in the mucosa of Crohn's disease (CD) patients\[[@B1],[@B9]-[@B16]\] and molecular mechanisms of AIEC virulence have been associated with disease pathogenesis\[[@B2],[@B4]-[@B6],[@B8],[@B17]-[@B25]\], AIEC has been pointed out to take part in the complex multifactorial aetiology of CD.

It is of paramount importance to further decipher the role of AIEC in CD (such as disease specificity or association with active disease), AIEC host range and transmission paths in order to define measures of contamination risk and prevention and/or to provide personalized treatments for AIEC carriers. One reason for the lack of information in these aspects is due to the absence of an AIEC molecular biomarker. Its identification relies on phenotypic traits undergoing cell-culture infection assays, which are extremely time-consuming and hard to standardize. In this review, we aimed to provide a description of AIEC genetics based on the knowledge obtained by different approaches. Moreover, putative genetic/phenotypic markers for rapid AIEC identification have been gathered. We also researched putative reasons why finding AIEC molecular genetic signatures is challenging and discussed new strategies that could shed light on this field.

APPROACHES FOLLOWED TO DECIPHER AIEC GENETICS
=============================================

Once Darfeuille-Michaud et al\[[@B1]\] defined the AIEC pathotype in 2004, a search for unique genes that could explain its phenotype began. Several approaches have been followed for deciphering AIEC genetics (gene prevalence, point mutations and gene expression) in which both known and novel genes have been studied.

First studies based on polymerase chain reaction (PCR)-based gene prevalence\[[@B11],[@B26]\] indicated that AIEC strains did not harbor any particular genetic trait that could distinguish them from commensals and they did not commonly present virulence genes previously described in other *E. coli* pathotypes. In line with this observation, the first genome sequencing studies\[[@B27]-[@B30]\] together with the most recent genomic studies\[[@B31]-[@B36]\] demonstrated again that there was no gene strictly associated with the AIEC phenotype of the strains. Even though PCR-based and genomic studies focusing on gene content reported some genes to be more prevalent in AIEC versus non-AIEC strains (Invasion-related genes: *malX*\[[@B37]\], *pic*\[[@B38]\]*;* Capsule formation-related genes: *kpsMTII*\[[@B37]\]*;* Adhesion-related genes: *lpfA*\[[@B31]\], *papGII/III*\[[@B38]\]*;* Resistance-related genes: *gipA*\[[@B39]\], *ibeA*\[[@B40]\], *iss*\[[@B38]\]*;* Iron scavenging-related genes: *chuA*\[[@B13]\], *pduC*\[[@B31]\]*;* Toxin-related genes: *colV*\[[@B40]\], *vat*\[[@B38]\].). However, a low difference in AIEC/non-AIEC gene prevalence was reported for these genes (18%-34%; Table [1](#T1){ref-type="table"})\[[@B41],[@B42]\], and only the *vat* gene was found to be differently distributed between AIEC and non-AIEC strains in other strain collections\[[@B32],[@B43]\]. No confirmation of the findings in other studies has been obtained for 10/12 of these genes (*malX*\[[@B26],[@B44]\], *kpsMTII*\[[@B16],[@B26]\], *lpfA* and *gipA*\[[@B13]\], *chuA*\[[@B31],[@B38]\], *pduC*\[[@B44]\], *ibeA*\[[@B37],[@B38]\], *colV*\[[@B31]\], *pic*\[[@B37]\], *papGII/III*\[[@B16],[@B37]\] and *iss*\[[@B31]\]). As a previous study pointed out\[[@B34]\], it is likely that the associations described are phylogenetic in nature and do not reflect the pathogenic potential of the strains.

###### 

Phenotype, phylogroup and prevalence of virulence genes found to be more frequent in adherent-invasive *Escherichia coli* than non-adherent-invasive *Escherichia coli* strains in PCR-based and genomic studies

  **Virulence gene**          **Group of study (*n*)**   **Phylogroup (*n*)**[1](#T1FN1){ref-type="table-fn"}   **Prevalence (%)**                           
  --------------------------- -------------------------- ------------------------------------------------------ -------------------- ---- ---- ---- --- ---- ----
  *malX*\[[@B37]\]            49                         134[2](#T1FN2){ref-type="table-fn"}                    39                   19   98   19   8   71   47
  *kpsMTII*\[[@B37]\]         49                         134[2](#T1FN2){ref-type="table-fn"}                    39                   19   98   19   8   71   52
  *pduC*\[[@B31]\]            24                         25                                                     14                   16   10   9    0   50   20
  *lpfA*\[[@B31]\]            24                         25                                                     14                   16   10   9    0   71   20
  *lpfA* + *gipA*\[[@B39]\]   35                         103                                                    Undetermined         31   0                  
  *chuA*\[[@B13]\]            15                         37                                                     11                   5    18   18   0   93   59
  *ibeA*\[[@B40]\]            19                         57                                                     Undetermined         37   3                  
  *colV*\[[@B40]\]            19                         57                                                     Undetermined         42   16                 
  *vat*\[[@B38]\]             22                         37                                                     9                    8    29   12   1   59   30
  *pic*\[[@B38]\]             22                         37                                                     9                    8    29   12   1   41   16
  *papGII/III*\[[@B38]\]      22                         37                                                     9                    8    29   12   1   18   0
  *iss*\[[@B38]\]             22                         37                                                     9                    8    29   12   1   32   11

Based on house-keeping genes identified by triplex PCR\[[@B41]\] or by structure analysis included in the multilocus sequence typing analyses\[[@B42]\].

Nineteen intestinal pathogenic *Escherichia coli* strains and 78 ExPEC strains isolated from animals and 37 human mucosal-associated non-AIEC strains. AIEC: Adherent-invasive *Escherichia coli*.

Controversial results on gene frequency may be explained by differential strain collections (origin of isolation, host and phylogenetic origin) and the amount of strains considered (Table [1](#T1){ref-type="table"} and Table [2](#T2){ref-type="table"}). Our strain collection\[[@B37],[@B38]\] is mainly composed of B2 strains, but for example, the collection of a previous study\[[@B31]\] is enriched in A and B1. As a consequence, the results of studies comparing unequal strains could be questioned. Such is the case of Desilets et al\[[@B32]\] who reported that B2-strains harbored three genomic regions that were absent in non-AIEC strains, but in the last group, all were non-clinical isolates, and only two B2 strains were considered. Since the AIEC pathotype is genetically highly diverse by phylogroup and invasive determinants, cross-validation of observations in a strain collection is strongly recommended.

###### 

Review of studies in which the prevalence of particular virulence genes has been examined according to the adherent-invasive *Escherichia coli* pathotype

  **Ref**.                                  **AIEC**   **Non-AIEC**   **Genes studied**
  ----------------------------------------- ---------- -------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Darfeuille-Michaud et al\[[@B1]\], 2004   26         0              *afaD, eae, ipaC*, *tia*
  Martinez-Medina et al\[[@B11]\], 2009     22         38             *afa/draBC, bfpA, cdtB,cnf1, eae, eltA, est, fimAvMT78, fimH, hlyA, ibeA, ipaH, iucD, neuC, papC, pCDV432, sfa/focDE, stx1, stx2*
  Martinez-Medina et al\[[@B26]\], 2009     27         59             *afa/draBC, bfpA, bmaE, cdtB, cnf1, cvaC, eae, eltA, est, fimA, fimAvMT78, fimH, focG, gafD, hlyA, ibeA ,ipaH, iroN, iucD, kpsMII, kpsMIII, malX, neuC, papC, papGI, papGII, papGIII alleles,pCDV432, sat*, ***sfa/focDE***, *sfaS, stx1, stx2, traT, usp*
  Martinez-Medina et al\[[@B37]\], 2011     49         134            *afa/draBC, astA, bmaE, chuA, cnf, csgA, cvaB, cvaC, eaI, eitA, eitC, etsB, etsC, fimC, focG, fyuA, gafD, gimB, hlyA, hlyF, hra, ibeA, iha, ireA, iroN, irp2, iss, iucD, iutA*, ***kpsMTII***, ***malX***, *mat, neuC, nfaE, ompA, ompT, papC, papEF, papGI, papGII, papGII/III, papGIII, pic, pks, sat, sfa/foc, sfaS, sitA, sitD (chr.), sitD (epis.), tia, traT, tsh, vat*
  Chassaing et al\[[@B5]\], 2011            249        ***lpfA***     
  Conte et al\[[@B16]\], 2014               27         0              *afa/draBC, aggR, cnf1, cvaC, fimH, focG*, ***fyuA***, *gafD, hlyA*, ***ibeA***, *iutA, kpsMT1, kpsMT5, kpsMTII, kpsMTIII, nfaE, pAA, PAI*[1](#T2FN1){ref-type="table-fn"}, *papA, papC, papEF, papG alleles, sfa/focDE, traT*
  Vazeille et al\[[@B39]\], 2016            35         103            ***lpfA + gipA***
  Céspedes et al\[[@B13]\], 2017            15         37             *afa/draBC, aufA, cdtB*, ***chuA***, *cnf1, cvaC, eaaA, eatA, ecNA144, espC, espP*, ***fhuD***, *fimAvMT78 , fimH, gipA, hlyA, ibeA*, ***irp2***, *neuC, papC, pet, pic, ratA, sat, sepA, sfa/focDE, sigA, tsh, vat*
  Dogan et al\[[@B40]\], 2018               19         57             *afaC, chuA, cnf1*, ***colV***, *focG, fyuA, gsp, hcp*, ***ibeA***, *iss, kpsMII, lpfA, malX, papC, pduC, pmt1, ratA, sfaDE, traC*
  Camprubí-Font et al\[[@B38]\], 2019       48         56             *afa/draBC, bmaE, csgA, fimC, focG, gafD, hra, iha, mat, nfaE, papC, papEF*, ***papGII/III***, *papGI, papGII, papGIII, sfa/foc, sfaS, tsh, chuA, eitA, eitC, fyuA, ireA, iroN, irp2, iucD, iutA, sitA, sitD, (epis.), sitD (chr.)*, ***iss***, *neuC, kpsMTII, ompA, ompT, traT, astA, cnf, sat*, ***vat***, *hlyA, hlyF, ibeA, gimB, tia, malX*, ***pic***, *pks, eaI, cvaB, cvaC, etsB, etsC, lpfA141, lpfA154, fimH, chiA, astA, cnf, sat*, ***vat***
  Camprubí-Font et al\[[@B46]\], 2019       13         30             *ompA, ompC, ompF*

Genes associated with pathotype or origin of isolation are highlighted in bold.

Pathogenicity island described in a virulent uropathogen. AIEC: Adherent-invasive *Escherichia coli*; CD: Crohn's disease patients; UC: Ulcerative colitis patients.

Besides, it has been suggested that variations in the sequence of particular genes (*fimH, chiA* and *ompA*) may uncover AIEC virulence abilities\[[@B2],[@B3],[@B18]\]. For FimH, previous studies have found some polymorphisms conferring higher adhesion ability but they have not detected a variant more prevalent in AIEC than in non-AIEC iso-lates\[[@B13],[@B32],[@B34],[@B38],[@B44],[@B45]\], yet one has hypothesised that gene expression might explain the phenotype\[[@B45]\]. Regarding OmpA, five amino acid variants (V114I, F131V, D132Y, T228N, and A276G) were described when AIEC reference strain LF82 and the commensal K-12 protein sequence were compared. In this study, Rolhion et al\[[@B3]\] suggested that the amino acid substitutions present in the LF82 protein sequence favors invasion. Likewise, for ChiA, five amino acid changes (Q362K, E370K, V378A, V388E, and E548V) were found located in a chitin binding domain of AIEC strain LF82 in comparison with K-12\[[@B18]\]. These differences in the amino acid sequence were thought to be responsible for the capability of the strain to adhere and invade IECs, as well as, to be a putative AIEC identification marker. Therefore, one of the studies conducted by our research group consisted of the examination of the protein sequences of ChiA, OmpA, OmpC, and OmpF in a large collection of strains\[[@B38],[@B46]\]. In general, no relevant differences in the pathoadaptative mutations according to pathotype were reported; instead, most of them were related to phylogroup. Only one amino acid substitution in OmpA (A200V) and three in OmpC (S89N, V220I, and W231D) were associated with pathotype, but these genetic traits presented low specificity and sensibility as markers for AIEC screening. Despite no particular mutations in ChiA were associated with AIEC pathotype, we found that the LF82 ChiA sequence variant was mainly shared by AIEC strains. Nonetheless, it only comprised 35.5% of all AIEC strains. Thus, at this point, given that neither prevalence nor point mutations of the already described virulence genes (VGs) could uncover the basis of AIEC phenotype, identification of new genetic elements and application of novel techniques are required.

In 2010, the first AIEC genomes were sequenced, and since then many comparative genomics studies have been conducted in the attempt to elucidate the characteristics of the AIEC genome and to identify a genetic biomarker (Table [3](#T3){ref-type="table"})\[[@B47]\]. However, no gene or sequence exclusive to the AIEC pathotype has yet been identified. As a consequence, analysis of single nucleotide polymorphisms (SNPs) in the whole genome has attracted attention since it provided a novel approach to look for AIEC genetic markers. The first study using this methodology took place in 2015 in which only B2 strains were included\[[@B33]\]. Twenty-nine SNPs that could differentiate four AIEC together with 51 ExPEC strains from the commensal and other ExPEC strains were identified but no specific characteristic capable of distinguishing the AIEC pathotype was found\[[@B33]\]. This observation was in concordance with results from a study by O'Brien et al\[[@B34]\], who analyzed differences in base composition of genes among AIEC and non-AIEC strains from the same sequence type. No clustering of AIEC strains was observed. In contrast, the comparative genomics study of AIEC/non-AIEC strain pairs\[[@B36]\] revealed three SNPs \[E3-E4_4.3(2), E3-E4_4.4 and E5-E6_3.16 = 3.22(2)\] that resulted in differential nucleotide distribution between AIEC and non-AIEC strains in a larger strain collection (22 AIEC and 28 non-AIEC strains). However, there was no nucleotide only present in AIEC strains and absent in non-AIEC. Thus, this study corroborated the absence of AIEC-specific genetic markers widely distributed across all AIEC strains. In fact, the results obtained by analyzing gene prevalence and point mutations reinforce the idea that no particular VGs or pathoadaptative mutations described so far are specifically linked with the AIEC pathotype although, diverse genetic traits could lead to the same phenotype. However, studies reinforcing this hypothesis are absent, and a specific signature sequence of these strains remains to be elucidated.

###### 

Summary of the comparative genomics studies conducted in adherent-invasive *Escherichia coli* to date

  **Ref**.                              **AIEC**                             **Non-AIEC**                           **Phylogroup**                                                                       **AIEC origin of isolation**
  ------------------------------------- ------------------------------------ -------------------------------------- ------------------------------------------------------------------------------------ ---------------------------------------------
  Miquel et al\[[@B27]\], 2010          1                                    21[1](#T3FN1){ref-type="table-fn"}     AIEC: B2; Commensals: 4A, 2B1, 1B2; ExPEC: 2B1, 6B2, 3D, 3E                          From an I-CD patient
  Nash et al\[[@B28]\], 2010            2                                    10[1](#T3FN1){ref-type="table-fn"}     AIEC: B2; Commensals: 2A; ExPEC: 7B2, 1E                                             From I-CD patients
  Dogan et al\[[@B31]\], 2014           24                                   25                                     14 strains from A phylogroup, 16 B1, 10 B2 and 9 D[2](#T3FN2){ref-type="table-fn"}   From I-CD patients and controls
  Desilets et al\[[@B32]\], 2015        14[3](#T3FN3){ref-type="table-fn"}   6                                      AIEC: A: 1; B1: 1; B2: 10; D: 1; F: 1. non-AIEC: A: 2; B1: 2; B2: 2                  From CD and UC patients\[[@B47]\]
  Zhang et al\[[@B35]\], 2015           13                                   11                                     AIEC: 1A, 1B1, 4B2, 1D, 5 Unknown. non-AIEC: 3A, 8 Unknown                           From CD and UC patients and non-CD subjects
  Deshpande et al\[[@B33]\], 2015       4                                    1307[1](#T3FN1){ref-type="table-fn"}   All B2                                                                               From CD patients
  O'Brien et al\[[@B34]\], 2015         11                                   30                                     All B2, ST95                                                                         From IBD patients and controls
  Camprubí-Font et al\[[@B36]\], 2018   3                                    3                                      AIEC: 1 B1, 1 B2 and 1 D. Non-AIEC: 1 B1, 1 B2 and 1 D                               From CD patients and controls

The strain collection examined according to pathotype and phylogroup is depicted. Adherent-invasive *Escherichia coli* origin of isolation and study observations are also presented.

Include commensals and ExPEC.

Human AIEC: 1A, 1B1, 1B2 and 1D; Murine AIEC: 1B1 and 1 B2; Dog AIEC: 2 B2; Human non-AIEC A phylogroup.

Apart from LF82, UM146 and NRG857c the other strains were only assessed for intramacrophage replication in J774 cells. AIEC: Adherent-invasive *Escherichia coli;* CD: Crohn's disease; UC: Ulcerative colitis.

In spite of the advances in the understanding of AIEC genetics, AIEC/non-AIEC differential gene expression has been scarcely studied\[[@B21],[@B35],[@B48]\]. Indeed, three earlier studies examined only LF82 against HS or K-12 gene expression. Furthermore, they studied only one gene during intramacrophage bacterial replication\[[@B21]\], seven genes in the presence of bile salts\[[@B48]\] or comparative transcriptomics while growing in Luria broth medium\[[@B35]\]. Our research contributed to these findings by studying outer membrane proteins (OMPs) gene expression in a collection of AIEC/non-AIEC strains\[[@B46]\]. We analyzed gene expression during bacterial intestinal epithelial cells (IEC) invasion. An increase in OMPs expression was reported in non-AIEC strains during IECs infection in comparison to the expression during growth in the supernatant of cell cultures, while AIEC strains only presented differences between conditions for *ompA* gene expression. Consequently, it is suggested that OMPs expression may participate in bacterial adhesion to IECs and intracellular persistence. Future work is required to confirm the implication of the differential expression in the AIEC phenotype by performing expression mutants and deciphering whether the differential expression is a trait common to all AIEC strains by studying the gene expression in a larger strain collection.

PUTATIVE BIOMARKERS TO ASSIST AIEC IDENTIFICATION
=================================================

To date, eight genetic elements have been suggested as putative AIEC molecular markers (Table [4](#T4){ref-type="table"}), however most of them presented either present low sensitivity or have been studied in a reduced number of strains. The putative biomarkers presented by Dogan et al\[[@B31]\] and Vazeille et al\[[@B39]\] were more prevalent in AIEC than in non-AIEC strains, nonetheless they were also present in non-AIEC strains (*pduC* and *lpfA*) (although in low percentages), or found only in a reduced number of AIEC strains (*lpfA* + *gipA*). As a consequence, the specificity values remained high, but the sensitivity values were low. The opposite occurred for the *chuA* gene\[[@B13]\]; in this case, it was present in nearly all of the AIEC strains and in more than 50% of non-AIEC strains and yielded a high sensitivity and high probability of false-positives (low specificity). Deshpande et al\[[@B33]\] discovered 29 SNPs that could differentiate a group of AIEC strains from a group of ExPEC and commensal strains (all from the B2 phylogroup), but they only studied four AIEC strains. Moreover, the three genomic regions described by Desilets et al\[[@B32]\] also raised interest. Nevertheless, it should be noted that only six non-AIEC strains were included, and AIEC strains were classified based only in the capacity to replicate within macrophages. Likewise, as only B2 strains were studied, the general utility of this approach for any putative AIEC strain remains to be determined.

###### 

Genetic elements more frequently found in strains from the adherent-invasive *Escherichia coli* pathotype and suggested as putative adherent-invasive *Escherichia coli* molecular markers

  **Marker**                                                    **Group of study (*n*)**   **Prevalence (%)**   **Sensitivity (%)**   **Specificity (%)**   **Accuracy (%)**         
  ------------------------------------------------------------- -------------------------- -------------------- --------------------- --------------------- ------------------ ----- ----
  *pduC*\[[@B31]\][1](#T4FN1){ref-type="table-fn"}              24                         25                   50                    20                    50                 80    65
  *lpfA*\[[@B31]\][1](#T4FN1){ref-type="table-fn"}              24                         25                   71                    20                    71                 80    75
  29 SNPs\[[@B33]\][2](#T4FN2){ref-type="table-fn"}             4                          1307                 100                   4                     \-                 \-    \-
  *lpfA* + *gipA*\[[@B39]\]                                     35                         103                  31                    0                     31                 100   83
  3 genomic regions\[[@B32]\][3](#T4FN3){ref-type="table-fn"}   14                         6                    79                    0                     79                 100   85
  *chuA*\[[@B13]\][4](#T4FN4){ref-type="table-fn"}              15                         37                   93                    59                    93                 41    56
  SNP algorithm\[[@B36]\]                                       22                         29                   \-                    \-                    82                 86    84
  *pic + ampR*\[[@B38]\]                                        22                         27                   86                    33                    86                 67    75

This strain collection was mainly formed by strains from A and B1 phylogroup (14 A, 16 B1, 10 B2 and 9D).

Only B2 strains were included. In this case, the non-AIEC group included commensal and ExPEC strains.

Only present in B2 AIEC strains. The strains' phylogroup were: AIEC: 1 A, 1 B1, 10 B2, 1 D and 1 F; non-AIEC: 2 A, 2 B1 and 2 B2.

Strain collection with mainly B2 and D strains (11 A, 5 B1, 18 B2 and 18 D). AIEC: Adherent-invasive *Escherichia coli*.

Along this line, two additional markers that present either higher sensitivity or have been studied in a larger strain collection than the previous ones were presented\[[@B36],[@B38]\]. On one hand, in a recent study we have deeply characterized genetically and phenotypically a collection of AIEC and non-AIEC strains isolated from the intestinal mucosa of humans\[[@B38]\]. Therein, AIEC screening could be assisted by the evaluation of two traits (the presence of *pic* gene and ampicillin resistance). Although these traits are not specific and widely distributed across the pathotype, *E. coli* strains that have resistance to ampicillin and harbor the *pic* gene present an 82% probability of being AIEC. Its major problem was a high rate of false-positives; thus, it could only be used as an initial screening tool, and AIEC strains predicted by this method should be further tested phenotypically. Besides, this marker has been only studied in a particular strain collection; therefore, further validation in external collections would be required. On the other hand, in contrast to previous studies seeking to find AIEC genetic markers, the genome of three strain pairs that could be considered clones but that differed in phenotype were compared\[[@B36]\]. Using this methodological approach, the combination of three point mutations (E3-E4_4.4, E5-E6_3.16 = 3.22(2), and E5-E6_3.12) resulted in the prediction of AIEC phenotype with a sensitivity of 82%, a specificity of 86%, and an accuracy of 84%. So far, to our knowledge, this method is the best one out of the available methods. However, before drawing conclusions on whether a molecular marker is adequate to identify AIEC strains, we recommend performing additional analyses to confirm the specificity, sensitivity, and accuracy of this method. First, the results should be verified using a larger set of strains, including AIEC and non-AIEC strains from other geographical origins. Second, since AIEC strains present similar genetic traits as ExPEC strains\[[@B1],[@B9],[@B11]\], determining the specificity of the method with other *E. coli* pathotypes, in particular ExPEC strains, would also be required. Finally, if the results of the previously mentioned analysis confirmed the usefulness of the purposed method, testing the utility of the tool in clinical specimens (both fecal and tissue biopsies) should be considered.

POSSIBLE REASONS WHY THE SEARCH FOR AIEC MOLECULAR MARKERS IS CHALLENGING
=========================================================================

Failure to detect a molecular property strictly associated with AIEC so far could be explained by: How AIEC might be emerged or the fact that the approaches used so far are not enough appropriate. Moreover, the lack of a standardized method for AIEC phenotypic characterization can add confusion in the search for distinctive traits and/or in its validation in external strains collections.

AIEC isolates by no means represent uniform populations\[[@B32],[@B34],[@B35]\]. This pathotype is highly diverse based on genetic and phenotypic characteristics such as virulence gene carriage or serotype. Even though most of them belong to the B2 phylogroup, they can comprise all the principal phylogenetic groups (A, B1, B2, D, and others)\[[@B9]-[@B11],[@B49],[@B50]\]. Moreover, they present genetic similarities with ExPEC strains\[[@B1],[@B9],[@B11]\]. Therefore, the AIEC phenotype might be driven by the combination of various virulence genes that do not necessarily need to be the same for each AIEC strain. Since different mechanisms are involved in the colonization of the epithelium by AIEC, the hypothesis considers that there is no key determinant in common for all the AIEC strains, and different ones can lead to the same phenotype gains plausibility. One study recently described that the genetics of one particular AIEC strain changes during host-to-host transmissions\[[@B51]\], resulting in strains with different phenotypes that compete with the parental strain and present a mobile element that is only maintained in specific conditions. Therefore, these finding indicate that this strain can easily adapt to specific environmental pressures genetically, making the search for biomarkers even more complex.

Moreover, differential gene expression may determine the phenotypic characteristics of AIEC strains. Indeed, this finding could explain why previous works have not found a gene or a point mutation that is widely distributed and specific to AIEC. So far, only two studies have described the transcriptome of AIEC\[[@B35],[@B48]\]. A total of only three AIEC strains have been studied, and the selected experimental designs did not allow the best picture of the real expression profiles during AIEC gut colonization to be obtained. New experimental approaches directed at examining these elements under particular conditions in which AIEC isolates behave differently from other strains may help in finding molecular markers for AIEC detection that will probably be useful for clinical samples. Modulation of gene expression might be determined in various ways, such as DNA methylation or transposable elements. DNA methylation has been described to occur in bacteria in a manner that clonal bacterial populations can be split by switching among alternative DNA methylation patterns\[[@B52]\]. For instance, as studied in an uropathogenic *E. coli* strain, the Pap pilin causes variations in the phase by a mechanism which involves methylation\[[@B53]\]. Likewise, in terms of transposable elements, one study previously demonstrated that through constant macrophage exposure, a commensal *E. coli* strain can evolve into a pathogenic strain (such as being able to survive inside macrophages or escape) by the acquisition of transposable element insertion\[[@B54]\]. On the whole, epigenetics and transposable elements are unexplored in AIEC research and should be considered once looking for AIEC characteristic elements.

Finally, regardless of the above-mentioned possible reasons, once looking for AIEC biomarkers, the first question the scientists face is the standardization of the current AIEC identification method. The lack of uniformity among laboratories is very problematic since it can result in different classification assays, which may lead to incorrect associations between genetic and phenotypic features. The vast majority of studies have classified an isolate as AIEC by analyzing all of its phenotypic characteristics *in vitro;* nonetheless, some discrepancies exist in the protocols (Table [5](#T5){ref-type="table"}) and the selected cell lines (Figure [1](#F1){ref-type="fig"})\[[@B55]-[@B62]\]. Variances in the multiplicity of infection (MOI) and time of infection, in addition to incubation conditions occurred. In terms of invasion assays, while most analyses were performed at a MOI of 10 with an infection time of 3 h and subsequent 1-h incubation with gentamicin (100 µg/mL), others assessed the invasive capacity with a higher MOI (20 or 100), less time of infection (30 min or, 1 or 2 h) and different antibiotic concentrations (50 µg/mL or 3 mg/mL). Additionally, there is even more variability with the protocols used to determine the capacity of the strains to survive and replicate inside macrophages. In these cases, the highest discrepancy occurred with respect to the infection conditions since some performed a centrifugation step to facilitate bacterial intramacrophage uptake, whereas others did not. After this time of infection, non-phagocytosed bacteria were treated with antibiotics at different concentrations and different incubation times. The most common procedure included a first step of 1 h with higher antibiotic concentration (100 µg/mL) followed by a second step of 24 h incubation with reduction in antibiotic concentration (15, 20, or 50 µg/mL) even though other studies performed only one incubation step that consisted of 1 or 24 h steps with the same concentration of antibiotic (20, 50, or 100 µg/mL or 3 mg/mL).

![Review of cell lines used for adherent-invasive *Escherichia coli* identification. Analysis of the cell lines used for adhesion and invasion assays are based on 29 previously published works\[[@B1],[@B9],[@B11],[@B13],[@B14],[@B16],[@B18],[@B21],[@B31],[@B34],[@B39],[@B43]-[@B45],[@B55]-[@B62],[@B64],[@B66]-[@B68],[@B70]-[@B72],[@B74]\] while for intramacrophage replication 17 studies were considered\[[@B1],[@B9],[@B11],[@B13],[@B14],[@B16],[@B21],[@B31],[@B34],[@B39],[@B44],[@B55],[@B57],[@B62],[@B66]-[@B68],[@B74]\].](WJBC-11-1-g001){#F1}

###### 

Comparison of the principal experimental conditions of the protocols used to assess bacterial invasion to intestinal epithelial cells and survival and replication inside macrophages

  **Invasion assays**                                                                                                                                                                                        
  --------------------------------- ------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------
  10                                30 min                                                  3 h with amikacin 100 µg/mL                                                                                      \[[@B13]\]
  10                                1 h                                                     2 h with gentamicin 100 µg/mL                                                                                    \[[@B70]\]
  10 or 20                          3 h                                                     1 h with gentamicin 100 µg/mL                                                                                    \[[@B1],[@B9],[@B11],[@B14],[@B16],[@B31],[@B34],[@B47],[@B56]-[@B60],[@B63]-[@B65],[@B71]\]
  10                                3 h                                                     1 h with gentamicin 3 mg/mL                                                                                      \[[@B72]\]
  100                               2 h                                                     1 h with gentamicin 50 µg/mL                                                                                     \[[@B54]\]
  100                               3 h                                                     1 h with gentamicin 50 µg/mL                                                                                     \[[@B62]\]
  Survival and replication assays                                                                                                                                                                            
  10                                20 min                                                  Media replacement with gentamicin 100 µg/mL for 40 min and media replacement with gentamicin 50 µg/mL for 24 h   \[[@B16]\]
  10                                2 h                                                     Media replacement with amikacin 100 µg/mL for 3 and 24 h                                                         \[[@B13]\]
  10                                2 h                                                     Media replacement with gentamicin 100 µg/mL for 1 h and media replacement with gentamicin 20 µg/mL for 24 h      \[[@B1],[@B34],[@B58]\]
  10 or 100                         Centrifugation 10 min at 1000 g and incubation 10 min   Media replacement with gentamicin 100 µg/mL for 40 min and media replacement with gentamicin 20 µg/mL for 24 h   \[[@B11],[@B47],[@B66]\]
  10                                Centrifugation 5 min at 500 g and incubation 30 min     Media replacement with gentamicin 100 µg/mL for 2 h and media replacement with gentamicin 15 µg/mL for 24 h      \[[@B70]\]
  20                                2 h                                                     Media replacement with gentamicin 100 µg/mL for 1 h and media replacement with gentamicin 20 µg/mL for 24 h      \[[@B9],[@B31]\]
  20                                2 h                                                     Media replacement with gentamicin 100 µg/mL for 1 and 24 h                                                       \[[@B14]\]
  20                                2 h                                                     Media replacement with gentamicin 3 mg/mL for 1 and 24 h                                                         \[[@B72]\]
  100                               Centrifugation 10 min at 1000 g and incubation 10 min   Media replacement with gentamicin 20 µg/mL for 1 and 24 h                                                        \[[@B21],[@B59]\]
  100                               2 h                                                     Media replacement with gentamicin 50 µg/mL for 1 and 24 h                                                        \[[@B54]\]

Moreover, the cell lines used to date (Figure [1](#F1){ref-type="fig"}) might not be the most appropriate considering that for instance, I-407 and Hep-2 originate from cervical and epithelial carcinomas of unknown origin, respectively, and both result from HeLa contamination. As an exception, Caco-2 and T84 are derived from colorectal carcinomas, but it is poorly defined how applicable they are for AIEC identification based on CD pathogenesis. Similarly, for intramacrophage survival, the cell lines mostly used are J774 which is derived from murine origin\[[@B1],[@B9]-[@B13],[@B15],[@B16]\]. Some studies have started to use human macrophage-derived monocytes, THP-1 cells, but bacterial intramacrophage survival methods differ among them\[[@B34],[@B62],[@B63]\].

In view of the lack of standardization, adhesion and invasion indices in addition to the replication index of the strains are highly variable among research groups. Taking into account the indices of the LF82 AIEC strain, which is commonly used as control in these procedures, the adhesion index fluctuates between 4.8 and 62.8 bacteria/cell\[[@B1],[@B18],[@B34],[@B39],[@B45],[@B62],[@B64]-[@B66]\], the invasion index varies from 0.12% to 12.2%\[[@B1],[@B9],[@B16],[@B34],[@B39],[@B62],[@B65]-[@B73]\] and the intramacrophage survival and replication index ranges between 223.0% and 580.0%\[[@B1],[@B9],[@B16],[@B21],[@B34],[@B62],[@B66],[@B74]\]. This finding is of particular concern, especially for those strains that present low indices, which are close to the threshold value that classifies the strain as adherent/invasive. In this case, one strain in one laboratory may be considered AIEC, while in another may be classified as non-AIEC. Therefore, there is the need to solve this discrepancy in order to regulate AIEC strain classification. Without consistency in the actual screening method, it is difficult to search for AIEC genetic differences as we might be using inaccurate isolates. Although hypothesis can be obtained in a particular strain collection, then in the process of validation it is complicated to obtain a good accuracy maybe due to different phenotypic characterization.

IS THE AIEC PHENOTYPE AN ACQUIRED TRAIT OF *ESCHERICHIA COLI* STRAINS FROM THE GUT?
===================================================================================

By looking at recently published data, it becomes believable that the AIEC phenotype is not permanent, yet one might suspect that one *E. coli* can acquire the AIEC phenotype under particular conditions and inversely, one AIEC strain without specific triggers might turn to a non-AIEC strain or to some extent modify its virulence level. One observation in line with this hypothesis is the fact that very genetically close *E. coli* strains (identical pulsed field gel electrophoresis profiles) can be classified as either AIEC or non-AIEC\[[@B11],[@B36]\]. Indicating that these strains have evolved to a pathogenic condition *via* nearly imperceptible genetic, transcriptomic, or epigenomic changes that may occur in particular cases. Furthermore, Elhenawy et al\[[@B51]\] recently demonstrated that one AIEC strain (NRG857c) evolved during host-to-host transmission in mice models, resulting in a diversified population of isolates with two predominant phenotypes: (1) Hypermotile isolates; and (2) Isolates with improved acetate utilization. The first phenotype was due to the presence of an insertion sequence upstream of the flagellar regulator *flhDC*, which resulted in hypermotile strains with enhanced IECs invasion. However, the presence of this insertion was reversible in the absence of host selection, suggesting that with the absence of particular conditions, the AIEC virulence may be altered. In the same way, Proença et al\[[@B54]\] observed that under continuous macrophage pressure, one commensal strain evolved to increased intracellular survival due to the incorporation of a transposable element insertion. Thus, their observations reinforce the hypothesis of intra-host *E. coli* evolution to an adherent invasive phenotype and the importance of conducting experiments simulating disease conditions as much as possible, since the AIEC marker may only be detected under selective pressure conditions.

Taking all of these outcomes into account, one may consider that AIEC strains originated from non-AIEC strains from the gut. For that reason, in the foreseeable future, other approaches beyond genes or SNPs prevalence should be analyzed when looking for AIEC molecular markers. These approaches include transcriptomics, epigenetics, and the study of AIEC under conditions in which they behave differently from other pathotypes, perhaps during interactions with host cells. Nowadays, two studies on transcriptomics\[[@B35],[@B48]\] have been conducted. One study described findings in which the AIEC LF82 strain growing in contact with bile salts caused an increase in the expression of genes involved in ethanolamine utilization in comparison to K-12 and also demonstrated that AIEC strains grew more after incubation with minimum media with bile salts supplemented with ethanolamine than non-AIEC\[[@B48]\]. Therefore, reinforcing the idea that AIEC strains may adapt their metabolism according to gut conditions and that experimental methods need to be carefully considered when drawing conclusions about AIEC molecular traits. Nonetheless, the gene expression analysis of other non-AIEC and AIEC strains apart from K-12 and LF82 in the presence of bile salts has not been provided; thus, it is not possible to say that it is an AIEC-specific trait nor an adaptive method common among AIEC strains. Besides, Zhang et al\[[@B35]\] identified potential coding regions that could be applied as signature transcripts. Nevertheless, it is worth noting that they compared only one AIEC strain (LF82) with one commensal (HS) strain during growth in Luria broth. Thereby, the differences found between the strains could be strain-specific or perceptible due to the phylogenetic distance of the strains rather than to the AIEC phenotype. Given the extent of these studies and although there are some transcripts with a stimulating role in AIEC virulence, a candidate transcript suitable to be considered a universal and specific AIEC probe has not yet been determined. It is against this background that we encourage scientists to compare closely related strains and conduct the protocol in a more accurate environment in order to obtain a more a reliable interpretation of the gut context. For instance, previor to bacterial adhesion and invasion, bacteria need to cross the mucosal layer. As a consequence, an assay examining bacteria capacity to disrupt and translocate through the mucus should also be contemplated.

CONCLUSION
==========

Although the factors that constitute an AIEC strain remain an enigma, the outcomes obtained by several lines of research over the last 15 years provide meaningful information on AIEC genetics. Gene prevalence, amino acid substitutions, and gene expression have been studied for both known and unknown genetic elements. In summary, research studies presented and discussed in this review demonstrate that AIEC is a diverse pathotype considering gene content and point mutations, and gene expression studies insinuated that the AIEC phenotype may be determined by particular differences in gene expression, but these need further verification using other AIEC strains.

The discovery of an AIEC biomarker would significantly ease further epi-demiological studies in order to better determine AIEC prevalence and abundance and, discover environmental and animal reservoirs and transmission pathways in addition to facilitating clinical studies in CD patients. For example, studying the variations in abundance in relation to the state of the disease or in response to treatment might be useful. This type of biomarker would represent a rapid and cost-effective way to identify AIEC carriers, who could be treated with AIEC-directed therapies. So far, the diversity among AIEC strains challenges the correlation of individual virulence factors with pathotype in a way that is predictive. Moreover, AIEC classification as a non-AIEC from the gut that turns to pathogenic in particular conditions is gaining significance, but much remains to be learned about the host-pathogen interactions that govern AIEC infection biology. As a consequence, new approaches need to be performed in order to increase the probability of finding an AIEC molecular signature (these include but are not limited to SNPs in non-coding sequences, transcriptomics, metabolomics, and epigenomics). Nonetheless, all of these studies should be conducted using AIEC strains identified according to a standardized method, and the proposed methods should be tested in diverse strain collections from different geographical regions.
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